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PRACTICAL USE OF ROTORDYNAMIC ANALYSIS TO CORRECT A
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SYNOPSIS: In this case study, the value of combining rotordynamics analysis with experimental
vibration analysis are illustrated in the solution of a long-term vertical pump vibration problem.
These tools combined to identify the source of the problem as rotordynamic instability arising
from the employment of plain cylindrical journal bearings and served to guide the design of
replacement tilting-pad bearings to eliminate the problem.
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PROBLEM DESCRIPTION

Description of Failure and Problem History

Ever since their commissioning approximately twenty years ago, these long shaft pumps have been consistently
plagued by failures directly attributable to high vibrations in the pumping section. These problems occurred in over a
dozen units manufactured by each of two vendors. These failures can be primarily divided into two classes - bearing
failures and seal failures. Bearing failures refer to failure of the eight water-lubricated plain cylindrical bearings or the
process-lubricated bearing that support the pump shaft. These failures appear to be caused by large radial vibrations
generating surface-to-surface contact between the journal and bearing surfaces. Evidence of this has been provided by
circumferential grooves appearing on various journal surfaces. Figure 4 shows the significant damage that one such
journal suffered after only eight hours of operation. In more severe cases of damage, spalling of the bearing surfaces
and consequent bearing wear permitted the loosening of small chips, leading to rapid bearing degradation.

On the other hand, seal failures result from overheating. As can be seen from Figure 5, within the seal, a flat annular
rotating surface contacts a mating stationary face. Separated by a fluid film which acts as a barrier seal, one face
rotates with the shaft while the other remains stationary. The fluid film is created by pressurizing the water inside the
pump column. As the seal rotates, the pressurized water travels radially outward between the seal faces. A radial
pressure gradient exists through the water as it travels across the seal face. This pressure gradient prohibits waste
migration or diffusion from the tank inward to the pump column. Ideally the water moving across the seal face will
evaporate as it approaches the outer edge of the seal due to frictional heat. This evaporation prevents inhibited water
from leaking into the tank, making the seal effective in both directions.

Excessive vibration increases the friction on the seal surfaces and the available heat for evaporation. Typically
separated by distances of 6 to 20 millionths of an inch, the seal surfaces are sensitive to the fluid film between them.
Increased evaporation eliminates the film and permits contact between the rotating faces. Thus, larger amounts of
vibration lead to more contact, greater resulting surface wear, reduced seal lives and, consequently, greater leakage
rates of water into the tank. Since the goal is to remove the tank contents, not to add inhibited water back into the tank,
this represents a significant problem.

Additionally, the two failure modes are not entirely independent of one another. If the bearings are damaged, greater
radial shaft motion may be permitted which increases the vibration across the seal surface with consequent seal wear
increase and seal damage.

The seal failure frequency averages approximately 1000 hours, representing less than six weeks of continuous
operation. Since this was totally unacceptable from an operations standpoint, a program to measure and analyze the
troublesome vibrations, in the hopes of pinpointing their cause and identifying potential corrective actions, was
commenced.

Vibration Measurements

In order to measure its vibrations, the pump was installed in a test facility as shown in Figure 6. The pump was
mounted to an overhead structural steel platform that spans an 85 foot diameter by eight foot deep tank. Operational
vibration readings were obtained with the impeller submerged in water.

To identify the initial pump vibrations, the vibrations were measured via accelerometers at various locations on the
pump column and proximity probes aimed at the exposed shaft near the impeller. The results are all presented in
cascade or waterfall plots, which are so-named because of their waterfall appearance.

Eddy current proximity probes were used for the shaft measurements. Electrically measuring the changes in resistance
between the probes and the shaft as the shaft rotates, these transducers provide continuous measurement of the shaft
deflection. Piezoelectric accelerometers were used on the column to measure the force that is proportional to the



acceleration. Similar to the crystals used to ignite propane gas cooking grills, these transducers contain a piezoelectric
crystal that emits an electrical signal when a force is applied to it. The piezoelectric signals, as well as the eddy current
signals, are mathematically interpreted by vibration analysis systems to provide graphic displays of displacement,
velocity, and/or acceleration.

The significant number of different vibration frequencies present in the initial vibration signal can be appreciated from
inspection of Figures 7 and 8, which represent the waterfall plots generated from the data taken at one of the mid-span
accelerometers and at the shaft proximity probes, respectively. The left axis of the plots lists the pump speeds, the
lower axis lists the frequencies, and the right axis lists the vibration amplitudes. Inspection of these figures reveals that,
at the higher running speeds, significant vibrations occur at several different frequencies - specifically % X, IX, 3X,
and 5X. Each of these frequencies has specific causes, and understanding the cause of each is critical if one wishes to
identify a remedy to reduce that specific vibration.

When equipment rotates, vibrations at numerous frequencies are created, and their vibration energies at a point on the
machine add together to create the machine’s overall vibration spectrum. The first vibration to be considered is
referred to as the IX, or synchronous vibration. The term 1X refers to the fact that the vibration occurs at one times the
running speed of the machine. Any unbalance of the shaft, the impeller, or other rotating components directly affects
the magnitude of the 1X component. Misalignments can also create 1X radial vibrations, although, unlike unbalance,
they are usually also accompanied by axial vibrations. Since all real machines, regardless of how precisely they are
balanced and/or aligned, contain some finite amounts of unbalance and misalignment, all machines will have a nonzero
1X component in their vibration spectra.

Looking again at the figures, the ‘/2 X frequency represents a subsynchronous vibration that is often referred to as shaft
or oil whirl. This means that along with the 1X component already discussed, another slower vibration is superimposed
on the shaft. For the long shaft pumps under consideration, the ‘/2 X component can be attributed to fluid instability
associated with the plain cylindrical journal bearings. An oversimplified explanation for this phenomenon is that the
fluid in the journal bearings’ clearances carries the shaft along with it at its average circumferential velocity (which is
close to ?J2 X).

Other vibrations are also observed to be present in the spectrum, most notably those at 3X and 5X. The 3X component
can be attributed to parallel misalignment of the shaft segments at the threaded couplings. In fact, shaft misalignment
may result in any combination of the IX, 2X, and 3X components. However, in this case, the 2X component is
negligible. The 5X component is easily identified as being due to blade-passing effects at the impeller since there are
five vanes on the impeller.

Once the vibration sources have been identified, their magnitudes need to be considered and acceptable vibration limits
need to be defined. In general, determining these limits requires a case-by-case evaluation. Since these pumps’
installation in a nuclear environment prohibits any maintenance activities, the amount of vibration that can allowed
must be smaller than for more conventional machines. The typical vibration velocity that the authors use as an index
for potential vibration problems for pumps in these types of applications is approximately 0.20 inches per second. This
represents the maximum allowable zero-to-peak vibration value. Whenever the observed vibrations exceed this value,
pump tests are normally suspended pending vibration evaluation.

Examination of Figure 7 reveals that the ‘/2 X component greatly exceeded this limit, with a maximum observed
magnitude of about 0.40 in/set.  Accordingly, the high vibrations that were causing the bearing and seal failures were
conclusively observed to be subsynchronous vibrations occurring at approximately one-half (actually 0.49X) of the
running speed. Since lightly-loaded plain cylindrical bearings are a notorious source of these types of vibrations, the
authors suspected journal bearing instability as the cause of the vibration problem. Accordingly, a rotordynamics
analysis was then performed to attempt to verify this hypothesis.

The only other significant vibration tests that were performed were impact tests on the pump columns. These tests were
conducted by striking the column assembly at judiciously selected locations with a heavy plastic hammer and then
measuring the frequencies it vibrated at. Using this methodology, the pump column’s natural frequencies were
observed to occur at 300,900, and 1600 - 1800 rpm.



ROTORDYNAMIC MODEL GENERATION

Need for a Two-Level Model

In an effort to, once and for all, pinpoint the cause of the pump’s vibration problems, the authors generated a
rotordynamic model for the unit. In general, the guidelines provided in Corbo and Malanoski (1998) were employed
throughout the entire rotordynamic analysis. In order to accurately simulate the vibrational behavior of all rotating and
stationary structures in the unit, a comprehensive model consisting of two independent levels was constructed. The
first level represented the rotating pump shaft while the second accounted for the stationary motor stand and pump
column.

Each level represents a complete rotordynamic model which simulates the vibratory behavior of the modeled
component. The individual levels are linked to each other through “supports” which represent any and all components
that tie the vibration of one component to another. Typical supports are bearings, pedestals, seals, and fluid coupling
elements. The two-level model allows the complex dynamic interactions which occur between the individual
components to be accounted for. Employment of a multi-level model such as this is the only valid way to analyze the
rotordynamic behavior of a long, flexible vertical pump such as this one.

The astute reader will note that this multi-level model is significantly more sophisticated than the conventional single-
level rotordynamic model which merely consists of the rotor and its supports. There are two valid methods for
constructing these models. The first, and the one normally employed by the authors, is to employ a special
rotordynamics code having multi-level capabilities. The second is to construct a rotordynamic model of the rotor and a
separate model of the casing using a general-purpose finite element code. If this second option is used, fluid-structure-
interaction connections between the rotor and casing must be accounted for using methodologies similar to those given
in Childs (1993).

Unfortunately, the authors are acquainted with a number of pump manufacturers who employ the second option but do
not attempt to account for the fluid-structure interactions. Such an approach is completely invalid. Pump users should,
thereby, be cautioned to check for this very important point whenever they encounter a rotordynamics analysis
performed using a general-purpose finite element code.

Although the authors’ experience is that the pump community is not well-acquainted with the multi-level analysis
techniques described here, there are ample cases in the literature where this approach has been employed in the
rotordynamics analysis of vertical pumping systems. These include Berzatzy, et. al. (1972),  Chang and Braun (1987),
Chen, et. al. (1978),  Childs (1978),  Darlow and Smalley (1976),  Darlow, et. al. (1978),  Habets  and Smalley (2000),
Smalley, et. al. (1998a),  Smalley, et. al. (1998b) and Walter and Zelingher (1989).

General Modeling Procedure Employed

The rotordynamic model is a finite element representation consisting of a series of disk elements interconnected by
shaft elements. The disks represent the machine elements having large mass while the shafts behave as flexing springs.
The junction points between shaft elements are known as “stations” and are located to correspond to appreciable
changes in cross-section, concentrated masses, and bearings.

In general, the rotordynamic model was constructed using the guidelines given in Corbo and Malanoski (1998) and
classical techniques. Additionally, the following assumptions and ground rules were utilized:

l For those rotors for which it was not given, the transverse mass moment of inertia was assumed to be equal to one-
half of the polar moment of inertia.

l When modeling regions having abrupt changes in cross-section, the effective stiffness diameter was assumed to grow
or shrink along 45 degree lines. The diameter which bisects the 45 degree lines was, thereby, utilized as the effective
stiffness diameter. The material outside of the stiffness diameter is assumed to add only mass (no stiffness) to the
model. 23



l Since the rotordynamics computer code can only handle axisymmetric elements, the slotted portions of the pump
column were modeled as axisymmetric circular sections having the same area and area moment of inertia as the actual
cross-sections.

*The flanges on the pump columns were assumed to add only mass (no stiffness) to the model.

l The coupling linking the pump and motor shafts was assumed to be flexible enough such that the two shafts’ lateral
rotordynamic behaviors are independent. Since all of the observed vibration problems were confined to the pump shaft,
the motor shaft was not accounted for in the model.

l The concentrated mass and moments of inertia employed for the pump impeller corresponded to the “wet” condition
in which the impeller is filled with liquid.

l The threaded couplings that join the lineshaft
stiffening effect was conservatively ignored.

segments together were assumed to add only mass to the system. Their

l Similarly, since the clearance in the couplings allows the lineshafts to flex independently of one another, the shaft
elements at these couplings were assumed to be joined by hinges.

In addition to shaft and disk element parameters, the rotordynamics code was also provided with inputs for the
dynamic stiffness and damping coefficients at each support. All eight coefficients were input for the fluid-film journal
bearings and hydraulic effects, as will be discussed shortly. However, the action of all other supports was modeled
using only the direct radial stiffness coefficients, k,, and kYY, and in some cases, angular stiffness coefficients, kbb and
k,,. The cross-coupling stiffness coefficients and all damping coefficients were taken to be zero at these locations.

The following assumptions and ground rules
the model:

were utilized in the determination of the mechanical stiffnesses used in

l The cylindrical can that the motor stand mounts to was assumed to be rigid and, thereby, directly connected to
ground. Accordingly, the entire pump column assembly was treated as if it were suspended from the motor stand
mounting flange.

l The angular stiffness of the motor stand mounting flange was calculated using equations for a circular plate, simply-
supported at its outer edge, under a trunnion loading.

l Since the motor stand’s ball bearing was orders of magnitude stiffer than the pump’s plain cylindrical journal
bearings, the ball bearing was assumed to be rigid.

Determination of Plain Cylindrical Bearing Coejkients

Once the support stiffnesses were known, attention turned to determining the dynamic coefficients for the nine plain
cylindrical journal bearings that supported the pump shaft in the initial configuration. These bearings were modeled
using all eight dynamic stiffness and damping coefficients. Unfortunately, the determination of these coefficients was
anything but routine. The overwhelming majority of journal bearing analysis codes in existence assume that the fluid
film ruptures or cavitates in the diverging portion of the film. Utilization of this assumption makes the calculation of
the bearing coefficients a much simpler mathematical exercise. Since at least 99% of the world’s journal bearings do,
indeed, experience rupture, the limitations of utilizing such codes are not usually a problem.

However, the fact that this unit employed plain, ungrooved journal bearings subjected to very light radial loads (due to
their vertical orientation) and operated at relatively high absolute pressure levels (due to the pressurization of the pump
column) meant that these bearings were operating in the unruptured condition. Accordingly, each of these bearings
would have a continuous 360 degree film, which is very bad from a stability standpoint, and which 99% of the world’s
bearing codes are incapable of analyzing.
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DAMPED
MODE NO.

1

2

3

4

5

6

7 .

8

9

10

Wd (RPM)

55

347

645

759

764

773

790

968

1798

2364

Table  1

LUG DEC.

0.0036

-.0089

a447

-.0746

m.1253

0.2352

-.1684

.0906

.0849

AI436



US/&M<
DAMPED

-2O~Z- cpo 5l-l

MODE NO. VW (RPM) LOGDEC. 7vpB t-.,VQU
A

1 55 -.OOlO WrrG
,

2 347 -.0041 CAWG

3 775 .6104 POTOk

4 963 .0466 CAW G

5 1793 .0524 CAM

1

6 2358 .0159 POWR




